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The article outlines the recent developments in the theoretical and computational approaches to
the higher-order electroweak effects needed for the accurate interpretation of MOLLER and Belle II
experimental data, and shows how new-physics particles enter at the one-loop level. By analyzing
the effects of Z′-boson on the polarization asymmetry, we show how this hypothetical interaction
carrier may influence the future experimental results.
I. INTRODUCTION
The recent availability of computer-algebra tools in particle physics research provides an unique opportunity to
perform the Next-to-Leading-Order (NLO) and Next-to-NLO (NNLO) Standard Model (SM) calculations with the
high degree of precision required by MOLLER and Belle II. Here, full SM calculations are required, with no approx-
imations at the NLO level, and include leading order NNLO contributions, which can only be achieved with some
degree of automatization. We do this for both MOLLER (e− + e− → e− + e−) and Belle II (e+ + e− → µ+ + µ−),
and compare the results of calculations performed with the different sets of renormalization conditions using the
on-shell renormalization. That provides a straightforward test of gauge invariance for the polarization asymmetry. A
discrepancy between SM predictions and experimental measurements would signal the physics beyond the SM. Since
MOLLER and Belle II are the most sensitive to the parity-violating (PV) interaction, we include U(1)′ extension of
SM with a mass mixing scenario, which results in extension of SM by the parity-violating Z ′-boson. Our analysis for
Z ′ extends to NLO level giving us a refined set of constrains on the coupling and mass. First, we start with details
on NLO and NNLO (quadratic) calculations for MOLLER and then continue with Belle II. In the second part of the
paper, we provide results and analysis of the polarization asymmetry with Z ′-boson present at LO and NLO orders.
II. SM PREDICTIONS FOR POLARIZATION ASYMMETRY IN MOLLER AND BELLE II
We consider two processes, e−k1 + e
−
k2
→ e−k3 + e−k4 , for MOLLER, and e+k1 + e−k2 → µ+k3 + µ−k4 , for Belle II. For
MOLLER, the most sensitive observable to PV new physics (aka Z ′) is the polarization asymmetry:
ALR =
σL − σR
σL + σR
' 2<(MγM
+
Z +MγM
+
Z′ +MZM
+
Z′)LR
σL + σR
. (1)
In Eq.1, Z ′ will enter numerator of asymmetry through the interference term. For the e− + e− → e− + e− process,
the asymmetry at LO order given by the following expression:
A0LR(MOLLER) =
s
m2W
y(1− y)
1 + y4 + (1− y)4
1− 4s2W
s2W
. (2)
Here, y = −t/s, the set of Mandelstam variables is used: s = (k1+k2)2, t = (k3−k1)2 and u = (k1−k4)2, and the sine
of Weinberg mixing angle is denoted as sW ≡ sin θW . As one can see, the LO asymmetry is proportional to 1− 4s2W ,
which results in strong sensitivity to s2W . This provides an excellent opportunity for the precision measurements
of s2W , or, accordingly, the measurement of the weak charge of electron. Although PV asymmetry in Eq.2 is quite
small, the accuracy of modern experiments exceed the accuracy of the theoretical result at LO order; the NLO order
calculations have been completed by number of authors [1–3]. Generally, we can express perturbative expansion (up
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TABLE I: The Born asymmetry A0LR and the structure of relative weak corrections to it for Elab = 11 GeV at different
θ.
θ,◦ 20 30 40 50 60 70 80 90
A0LR, ppb 6.63 15.19 27.45 43.05 60.69 77.68 90.28 94.97
γγ-SE, DRC −0.0043 −0.0049 −0.0054 −0.0058 −0.0062 −0.0064 −0.0066 −0.0067
γγ-SE, HRC −0.0043 −0.0049 −0.0054 −0.0058 −0.0062 −0.0064 −0.0066 −0.0067
γZ-SE, DRC −0.2919 −0.2916 −0.2914 −0.2912 −0.2911 −0.2910 −0.2909 −0.2909
γZ-SE, HRC −0.6051 −0.6043 −0.6042 −0.6038 −0.6034 −0.6031 −0.6028 −0.6028
ZZ-SE, DRC −0.0105 −0.0105 −0.0105 −0.0105 −0.0105 −0.0105 −0.0105 −0.0105
ZZ-SE, HRC 0.0309 0.0309 0.0309 0.0309 0.0309 0.0309 0.0309 0.0309
HV, DRC −0.2946 −0.2633 −0.2727 −0.2703 −0.2714 −0.2712 −0.2711 −0.2710
HV, HRC −0.0015 −0.0012 −0.0010 −0.0009 −0.0008 −0.0007 −0.0007 −0.0007
ZZ-box, exact −0.0013 −0.0013 −0.0013 −0.0013 −0.0013 −0.0013 −0.0013 −0.0013
ZZ-box, approx. −0.0013 −0.0013 −0.0013 −0.0013 −0.0013 −0.0013 −0.0013 −0.0013
WW -box, exact 0.0239 0.0238 0.0238 0.0239 0.0239 0.0238 0.0238 0.0238
WW -box, approx. 0.0238 0.0238 0.0238 0.0238 0.0238 0.0238 0.0238 0.0238
total weak, DRC, exact −0.5643 −0.5430 −0.5508 −0.5489 −0.5500 −0.5495 −0.5493 −0.5493
total weak, HRC, approx. −0.5526 −0.5514 −0.5511 −0.5505 −0.5500 −0.5496 −0.5493 −0.5493
FIG. 6: The relative weak (solid line in DRC (semi-
automated) and dotted line in HRC ("by hand")) and
QED (dashed line) corrections to the Born asymmetry
A0LR versus
√
s at θ = 90◦. The filled circle corresponds
to our predictions for the MOLLER experiment.
becomes larger with decreasing θ.
In Fig. 6 we can see the relative weak corrections
shown by solid line for DRC (exact) and dotted line for
HRC (approximate). The dashed line shows the QED
correction obtained by including soft bremsstrahlung
to the Born asymmetry A0LR. We can see that for low
energy region 1 <
√
s < 30 GeV the results calculated
by the two methods are in excellent agreement. It is
worth mentioning here that the semi-automated nu-
merical calculations of boxes in the region of
√
s≪ 1
GeV suffer from the numerical instability due to Lan-
dau singularities. As for our approximated calcula-
tions, we have used the small-energy approximation
with the expansion parameters taken as r/m2Z,W for
energies
√
s < 30 GeV. In any case, for the 11 GeV
relevant for the planned JLab experiment, the consis-
tency of our calculations in both approaches is obvi-
ous, with a difference of ∼ 0.01% or less. The dotted
line for
√
s > 500 GeV on the Fig. 6 is obtained us-
ing HRC with the help of equations from [28], which
used the high-energy approximation. We can see good
a agreement between our results for the high-energy
region
√
s > 500 GeV which becomes better with en-
ergy increase. For
√
s ≥ 50 GeV we have excellent
agreement with the result of [24] if we use their SM
parameters (see [8]). Furthermore, the relative QED
correction (see Fig. 8 in [24] and dashed line in Fig. 6
here) is also in good qualitative and numerical agree-
ment. In this case, we apply the same cut on the soft
photon emission energy as in [24] (ω/
√
s = 0.05). At
the low-energy point corresponding to the E-158 ex-
periment, and using our set of input parameters (α,
mW andmZ) we find that δweakA ≈ −54%. If we trans-
late our input parameters to the set α, GF and mZ
according to [24], we obtain good agreement with the
result of [29].
QED
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B. Constrained Differential Renormalization
The CDR (Constrained Differential Renormaliza-
tion) scheme, which provides renormalized expressions
for Feynman graphs preserving the Ward identities,
was introduced at the one-loop level in [30]. [31] ex-
pands on [30] to introduce the techniques for one-loop
calculations in any renormalizable theory in four di-
mensions. The procedure has been implemented in
FormCalc and LoopTools, which allows us to evalu-
ate NLO EWC in CDR. Since our "scheme of choice"
at the moment is on-shell, which is more suitable for
calculating EWC beyond one-loop, we do not provide
the same detailed analysis and step-by-step compari-
son between the two methods for CDR as we do for
on-shell. The reason we evaluate NLO EWC in CDR
is to obtain some indication of the size of the higher-
order effects (NNLO and beyond) to see if there is
enough motivation to do these very involved calcula-
tions in the future.
In Fig. 7, we can see the relative total correction
δtot = (σtot − σ0)/σ0
to the unpolarized cross section versus
√
s at θ = 90◦
for different RS: on-shell and CDR. In the region of
small energies, the difference between the two schemes
is almost constant and rather small (∼ 0.01), but
grows at
√
s ≥ mZ . It is well known that in the region
of small energies, the correction to the cross section
is dominated by the QED contribution. However, in
the high-energy region the weak correction becomes
comparable to QED. Since the difference between the
on-shell and CDR results grows substantially as the
weak correction becomes larger, it is clear that for an
observable such as the PV asymmetry the difference
between the on-shell and CDR schemes will be sizeable
for the entire spectrum of energies
√
s < 2000 GeV.
Because of that, we expect that the NNLO correction
to the PV asymmetry may become important to PV
precision physics in the future.
Fig. 8 shows the relative weak (lower lines), and
QED (upper lines) corrections to the Born asymmetry
A0LR versus
√
s at θ = 90◦. The difference is signifi-
cant and is growing with increasing
√
s. According to
our calculations for Elab = 11 GeV, ω = 0.05
√
s and θ
= 90◦, the total radiative correction to PV asymmetry
is −69.8% with on-shell and −58.5% with CDR. The
difference is not at all surprising. For E-158, for ex-
ample, the one-loop weak corrections were found to be
about −40% in the MS scheme [29] and about −50%
in the on-shell scheme [21, 25].
The physical, NLO-corrected asymmetries, com-
puted in both on-shell and CDR schemes, are com-
pared in Fig. 9. Here, for consistency with the MS
definition of the couplings to O(α) [32], we use sˆ2Z ≡
sin2 θˆW (MZ) = 0.2313 [26] in the expression of the
FIG. 7: The relative total corrections to the unpolarized
cross section versus
√
s at θ = 90◦. The filled circle cor-
responds to our predictions to the MOLLER experiment.
Solid line corresponds to CDR and dotted line to on-shell
RS.
Born asymmetry. We find that the predictions for the
physical PV asymmetry, computed to the same order
in perturbation theory in two different schemes, dif-
fer by about 3%. The difference is an indication of
the order of magnitude the higher-order, NNLO and
beyond, terms.
The [25] estimat d that the higher-order corrections
are suppressed by ∼ 0.1% relative to the one-loop re-
sult, possibly 5% in some cases, and thus are not sig-
nificant source of uncertainty. However, we conclude
that although the corrections at the NNLO level were
not mandated by the previously achievable experimen-
tal precision, they may become important for the next
generatio of xperiments.
V. EFFECT OF ADDITIONAL MASSIVE
NEUTRAL BOSON
Let us now add very simple NP assumption to
our SM calculatio s and show how this NP contri-
bution affects the observable asymmetry. The reason
we want to do it in here is to investigate if the two
co plimentary met ods we used in the previ us sec-
tions, "by-hand" and semi-automated, can be applied
in the NP domain. As we mention in the Introduc-
tion, FeynArts, For Calc, LoopTools, and FORM are
not "black box" programs and can be modified for
specific projects, including adding the NP sector. As
was already concluded in [33] and [34], the proposed
11
B. Constrained Differential Renormalization
The CDR (Constrained Differential Renormaliza-
tion) scheme, which provides renormalized expressions
for Feynman graphs preserving the Ward identities,
was introduced at the one-loop level in [30]. [31] ex-
pands on [30] to introduce the techniques for one-loop
calculations in any renormalizable theory in four di-
mensions. The procedure has been implemented in
FormCalc and LoopTools, which allows us to evalu-
ate NLO EWC in CDR. Since our "scheme of choice"
at the moment is on-shell, which is more suitable for
calculating EWC beyond one-loop, we do not provide
the same detailed analysis and step-by-step compari-
son between the two methods for CDR as we do for
on-shell. The reason we evaluate NLO EWC in CDR
is to obtain some indication of the size of the higher-
order effects (NNLO and beyond) to see if there is
enough motivation to do these very involved calcula-
tions in the future.
In Fig. 7, we can see the relative total correction
δtot = (σtot − σ0)/σ0
to the unpolarized cross section versus
√
s at θ = 90◦
for different RS: on-shell and CDR. In the region of
small energies, the difference between the two schemes
is almost constant and rather small (∼ 0.01), but
grows at
√
s ≥ mZ . It is well known that in the region
of small energies, the correction to the cross section
is dominated by the QED contribution. However, in
the high-energy region the weak correction becomes
comparable to QED. Since the difference between the
on-shell and CDR results grows substa tially as th
weak correction becomes larger, it is cle r at for n
observable such as the PV asymmetry the diff rence
between the on-shell and CDR schemes will be sizeable
for the entire spectrum of energies
√
s < 2000 GeV.
Because of that, we expect that the NNLO correction
to the PV asymme ry may become importan to PV
precision physics in the future.
Fig. 8 shows the relative weak (lower lines), and
QED (upper lines) corrections to th Born asymmetry
A0LR versus
√
s at θ = 90◦. The ifference is signifi-
cant and is growing with increasing
√
s. According to
our calculations for Elab = 11 GeV, ω = 0.05
√
s and θ
= 90◦, the total radiative correction to PV asymmetry
is −69.8% with on-shell and −58.5% with CDR. The
difference is not at all surprising. For E-158, for ex-
ample, the one-loop weak corrections were found to be
about −40% in the MS scheme [29] and about −50%
in the on-shell sc me [21, 25].
The physical, NLO-corrected asymmetries, com-
puted i both on-shell an CDR sche es, are com-
pared in Fig. 9. Here, for consistency with the MS
definition of the couplings to O(α) [32], use sˆ2Z ≡
sin2 θˆW (MZ) = 0.2313 [26] in the xpression of the
FIG. 7: The relative total corrections to the unpolarized
cross section versus
√
s at θ = 90◦. The filled circle cor-
responds to our predictions to the MOLLER experiment.
Solid line corresponds to CDR and dotted line to on-shell
RS.
Born asymmetry. We find that the predictions for the
physical PV asymmetry, computed to the same order
in perturbation theory in two different schemes, dif-
fer by about 3%. The difference is an indication of
the order of magnitude the higher-order, NNLO and
beyond, terms.
The [25] estimated that the higher-order corrections
are s ppressed by ∼ 0.1% relative to the one-loop re-
sult, possibly 5% in some cases, and thus are not sig-
nific nt source of uncertainty. However, we conclude
that although the corrections at the NNLO level were
not mandated by the previously achievable experimen-
tal precision, they may become important for the next
generation of experiments.
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Let us now add a very simple NP assumption to
ur SM calculations and show how this NP contri-
bution affects the observable asymmetry. The reason
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FIG. 5: Relative (labeled by 1-loop+Q and 1-loop) and absolute (labeled by Q) corrections to PV-asymmetry vs
p
s. The
filled circle corresponds to our predictions for the MOLLER experiment.
planned experimental error MOLLER to the PV asymmetry is ⇠ 2% or less, we se that i is
necess ry to continue to w rk on the two-loop EWC, staring from the T-part.
Fig. 5 shows the relative (labeled as 1-loop and 1-loop+Q) corrections and absolute  A
corrections (labeled by Q) versus
p
s at ✓ = 90o. In the high-energy region (
p
s   50 GeV)
our one-loop result (see [14]) is in excellent agreement with the result from [27] if we use the
same set of Standard Model parameters. As one can see from Fig. 5, the scale of the Q-part
contribution in the low-energy region is approximately constant, but starting from
p
s   mZ ,
where the weak contribution becomes comparable with electromagnetic, the e↵ect Q-part grows
sharply. This e↵ect of increasing importance of two-loop contribution at higher energies may
have a significant e↵ect on the asymmetry measured at the future e e -collides.
VI. CONCLUSIONS
Experimental investigation of Møller scattering is not only one of the oldest tools of modern
physics in the framework of the Standard Model, but also a powerful probe of new physics
e↵ects. The new ultra-precise measurement of the weak mixing angle via 11 GeV Møller
scattering planned soon at JLab, named MOLLER, as well as experiments planned at ILC will
The scale of the Q-part contribution in the 
ow- nergy region is approximately 
constant, but starting from √s ≥ mZ , where 
the weak contribution becomes 
comparable with electromagnetic, the 
effect of Q-part grows sharply. 
This effect of increasing importance of 
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Born asymmetry. We find that the predictions for the
physical PV asymmetry, computed to the same order
in perturbation theory in two different schemes, dif-
fer by about 3%. The difference is an indication of
the order f magnitude the higher-order, NNLO and
beyond, terms.
The [25] estimated that the higher-order corrections
are suppressed by ∼ 0.1% relative to the one-loop re-
sult, possibly 5% in some cases, and thus are not sig-
ificant source of uncertainty. However, w c nclude
that although the corrections at the NNLO level were
not mandated by the previously achievable experimen-
t l precision, they may become important for the next
generation of experiments.
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V. NUMERICAL RESULTS
For the numerical calculations we used ↵ = 1/137.035999, mW = 80.398 GeV, and mZ =
91.1876 GeV as input parameters and according to [25]. The electron, muon, and ⌧ -lepton
masses are taken as me = 0.510998910 MeV, mµ = 0.105658367 GeV, m⌧ = 1.77684 GeV and
the quark masses for loop contributions as mu = 0.06983 GeV, mc = 1.2 GeV, mt = 174 GeV,
md = 0.06984 GeV, ms = 0.15 GeV, and mb = 4.6 GeV. The light quark masses provide shift
in fine s ructure constant due to hadronic vacuum polarization  ↵
(5)
had(m
2
Z)=0.02757 [26], where
 ↵
(5)
had(s) =
↵
⇡
X
f=u,d,s,c,b
Q2f
✓
log
m2f
  5
3
◆
, (46)
Qf is the electric charge of fermion f in proton charge units q, (q =
p
4⇡↵). We believe that
the use of the light quarks masses as pa ameters regulated by the hadron vacuum polarization
is a better choice in this case. Finally, for the mass of the Higgs boson, we take mH = 115 GeV.
Although this mass is still to be determined experimentally, the dependence of EWC on mH is
rather weak. F r param ter of maximum soft photon energy we use ! = 0.05
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o. Taking into account that the
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V. NUMERICAL RESULTS
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 CA = (A
C
LR   A0LR)/A0LR.
Fig. , plo ted for ✓ = 0o and Elab = 11 GeV, clearly emonstrates that the rela ive correction
to unpolarized cross section is independent on the photon mass  . We can also s e t e quadratic
dependence in lof scale of   of the both virtual and bremstrahlung contributions.
On the left part of Fig. 4 we can see the relative corrections to asymmetry at Elab = 11 GeV
vs scattering angle ✓ in c.m.s. The lower line shows the corrections to asymmetry with only
one-lo p EWC take into account and the upper line show the combined one-lo p and the
Q-part corrections. As expected, both of them ar symmetric along the line ✓ = ⇡/2, have a
minimum at ✓ = 90o, and depend on scattering angle quite weakly.
The di↵erence of these two e↵ects as an absolute correction defined by
 A = (A
1 loop+Q
LR   A0LR)/A0LR   (A1 loopLR   A0LR)/A0LR 1 loop+Q   A1 loopLR )/A0LR
and depicted on the right pa t of F g. 4. Here we can see that the Q-part gives quite a significant
contribution, wi h  A reaching a maximum of 0.0419 at ✓ = 90
o. T king in o a count th t he
17
 CA
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Figure 1: The graphs show corrections to th polarization asymmetry at the θ = 90◦ and soft photon cut ω = 0. 5
√
s. In
the left graph, dashed line shows correction due to QED effects, solid line represents weak correction based on s i-automa ed
calculations and dotted line gives “on-paper” approximated calculations for the same corr ction. Right graph shows correcti n
for pure quadratic (“Q”) contribution (∆A), NLO (“1-loop”) and NLO+NNLO (“1-loop-Q”) results. Black dot on both graphs
corresponds to the Elab = 11 GeV.
to NNLO) for differ ntial scat ring cross-section in orders of α as:
dσ
d cos θ
=
pi3
2s
∣∣∣M0 +M1 +M2∣∣∣2 '
pi3
2s
(
α2M
′
0M
′+
0 + α
32<M ′0M
′+
1 + α
4(M
′
1M
′+
1 + 2<M
′
0M
′+
2 )
)
, (3)
where matrix elements Mi are related to M
′
i by Mi = αi+1M
′
i . The first term corresponds to LO, the second to
NLO and the third forms NNLO contribution, which comprises from quadratic term (α4M
′
1M
′+
1 ) and two-loops
(α42<M ′0M
′+
2 ) contribution. The NLO contribution to LO asymmetry is rather big (∼ 69%) [3], and in order to
match 1% MOLLER uncertainty, we calculated a full set NNLO (quadratic) [4] and leading order NNLO (two-loops)
contributions [5] (and references therein). The precision is essential, so we control it in two ways. First, we applied
“on paper” on-shell calculations using renormalization conditions of [10] and low energy approximations r
m2Z,W
 1
(here r = s, |t|, |u|). Second, we performed semi-automated [11–15] calculations for the full set of Feynman diagrams
without any approximations and using renormalization conditions of [16]. This approach was implemented for NLO
and NNLO (quadratic) contributions. The semi-automated full two-loop calculations are yet to be completed which is
our next goal. Let us demonstrate how these two approaches compare to each other. First, we introduce a correction
to the asymmetry, as:
δCA =
ACLR −A0LR
A0LR
, (4)
where ACLR stands for the NLO-corrected asymmetry.
If we take α = 1/137.0359,mW = 80.398 GeV,mZ = 91.1876 GeV and kinematics relevant to MOLLER experiment
(Elab = 11 GeV), we can see in Fig.1 (right plot) that results obtained in both approaches differ less than 0.1%. We
find that the NNLO (quadratic) contribution, Fig.1 (left plot),
∆A =
A1−loop−QLR −A1−loopLR
A0LR
, (5)
3θ,◦ 10 30 50 70 90 110 130 150 170
“on-paper” 0.0180 −0.0456 −0.0738 −0.0935 −0.1099 −0.1264 −0.1460 −0.1743 −0.2378
SA 0.0179 −0.0455 −0.0738 −0.0934 −0.1099 −0.1263 −0.1459 −0.1742 −0.2372
Table I: Relative NLO correction to unpolarized cross section δC00 in e+ + e− → µ+ + µ− process for the various angles in CM
reference frame. Both approaches used soft-photon approximation in the treatment of infrared divergencies. Soft photon cut is
ω = 0.05
√
s .
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Figure 2: LO and NLO corrected polarization asymmetries for the MOLLER (left, Elab = 11 GeV) and Belle II (right,√
s = 10.57 GeV) experiments for the 20◦ < θ < 160◦ in the CM reference frame.
is responsible for ∼ 5% suppression of the total correction at Elab = 11 GeV. This is a clear signal that, in the
light of proposed precision experiments, the NNLO contributions are very important. Similar to the Moller process,
e+ + e− → µ+ + µ− polarization asymmetry (first addressed in [17]), also shows strong sensitivity to the s2W :
A0LR(Belle II) = −
s
4m2W
(y − 1)2
2(y − 1)y + 1
1− 4s2W
s2W
. (6)
We improve the precision by implementing the same two-way approach, for Belle II kinematics specifically, taking
into account the full set of NLO electroweak corrections. For
√
s = 10.57 GeV, Table I shows our results for the
NLO relative correction to unpolarized cross section (δC00 =
σC00−σ000
σ000
) computed using the semi-automated (SA) and
“on-paper” calculation methods, in the on-shell renormalization. Evidently, difference in both approaches, for the
broad range of scattering angles, is negligible. In Fig.2 we show the results for the NLO corrected asymmetries for
both MOLLER and Belle II experiments.
Although the NLO contribution (Fig.2) for both processes is significant, judging by excellent agreement between
two approaches presented here, the theoretical uncertainty at NLO level is at sub-percent level. However, that result
does not include the NNLO contribution, needed to interpret ultra-precision measurements.
III. BEYOND THE STANDARD MODEL PHYSICS WITH DARK VECTOR
The discrepancy between experimental data and SM theoretical predictions would signal new interaction carriers.
We use the simple U(1)′ extension of SM proposed in [18], which uses kinetic type of mixing between dark vector
(A′µ) and hyper-charge (Bµ) fields:
Lkin = −1
4
BµνB
µν +
1
2

cos θW
BµνA
′µν − 1
4
A′µνA
′µν , (7)
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FIGURE 3. Projected sensitivities (2s ) of Jefferson Lab A0 proposals along with limits (in gray) from
previous experiments, shown as a function of the A0 mass and the interaction strength a 0/a = e2. The
green band indicates the prediction resulting from interpretation of the muonic g 2 anomaly as due to an
A0.
stream of the target will be a dipole analyzing magnet (0.917 T-m), followed by silicon
trackers (12 planes over 1 m length), an electromagnetic calorimeter, and a muon detec-
tor (steel plates with scintillation hodoscopes). The dipole magnet will spread the high
flux of radiation from the target into a “sheet of flame”, and the detectors must be split
to transmit these particles and still operate in a high rate environment. The unique fea-
tures of this experiment include the capability to detect pairs from decays downstream
of the target (longer lifetime A0 corresponding to lower values of e) and the ability to
also detect muon pairs.
DARKLIGHT at the FEL
The DARKLIGHT experiment [17] is a proposal to extend the search for A0 to lower
mass values, down to ⇠ 10 MeV. This experiment would utilize the high intensity
(10 mA) electron beam at 140 MeV available at the Free Electron Laser (FEL) facility
at Jefferson Lab, incident on a 1019 cm 2 gas hydrogen target. A magnetic spectrometer
detects all three leptons and a high resolution detector a few centimeters from the
interaction region detects the final state protons. Measurement of all four final state
particles and good momentum resolution allows reconstruction of the A’ mass with
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Figure 3: Exclusion plots for MOLLER (left) and Belle II (right). For MOLLER, we show exclusion for 1% deviation from SM
prediction. Here, Z′µ is included either at LO (Born) or up to NLO (Born+NLO) orders. Plot for Belle II shows up-to-NLO
exclusion regions for 1%, 2% and 3% deviations from SM prediction. For both plots, we take δ2 = 3 · 10−5.
where fields tensors are given by {A′µν , Bµν} = ∂µ{A′ν , Bν} − ∂ν{A′µ, Bµ}, with Bµ = cos θWAµ − sin θWZµ and  is
the (Bµ −A′µ) kinetic mixing parameter. With SM Higgs doublet plus the Higgs singlet (used for breaking the U(1)′
symmetry and giving mass to A′µ), a Lagrangian describing interaction between the SM fermions and the dark vector
boson A′µ is:
Lint = − eQf f¯γµf · (V µ + A′µ)−
e
sin θW cos θW
f¯(cfV γ
µ + cfAγ
µγ5)f · (Zµ + Z′A′µ). (8)
Here, Qf is the charge of the fermion in units of e, and the c
f
V and c
f
A constants are usual SM vector and axial-vector
coupling strengths, respectively. As we can see from Eq.8, the A′µ couples to fermions through both parity-conserving
and violating terms, which is similar to the weak Zµ coupling. That typ of the A′µ in [19] is called the dark Z ′µ-boson
and derived from an additional mass mixing term characterized by mixing parameter Z′ =
mZ′
mZ
δ. Here, mZ′ is the
the mass of the dark Z ′µ-boson and δ is an arbitrary model-dependent parameter. The fact what Z ′µ is represented as
a superposition of mixings between dark vector with electromagnetic and Z-boson fields makes it possible to include
Z ′µ at NLO level. We include Z ′µ at NLO in order to match NLO calculations for our SM predictions. Our results are
shown in the form of exclusion plots in Fig.3 for MOLLER (left) and Belle II (right).
In Fig.3, we explore a scenario of the small mixing  and small Z ′µ mass, for MOLLER specifically. We show
up-to-1% deviation from the SM central prediction exclusion plots for Z ′µ, which is included at LO and NLO orders.
Inclusion of the Z ′µ at NLO order systematically increase exclusion region for  for all masses of Z ′µ by about 25%.
While this increase is not substantial, it could become an important factor in the determination of Z ′µ mass and
coupling if Z ′µ is discovered. According to [19, 20], if no Z ′µ is discovered, MOLLER will exclude the region where
Z ′µ is used to explain (g − 2)µ anomaly. For Belle II (right plot of Fig.3), we concentrate on the resonance region at√
s = 10.57 GeV, where sensitivity of Belle II to the Z ′µ (up to NLO order) is the highest and is complimentary to the
MOLLER experiment. For the e+ + e− → µ+ + µ− process, we also study the dependence of the asymmetry on the
kinetic mixing parameter 2 and mZ′ , which is shown in Fig.4 (top two plots). If we take mass of Z ′ (mZ′ = 8 GeV),
close to the
√
s = 10.57 GeV, the sensitivity of the asymmetry is the highest for 10−8 < 2 < 10−4. In case of the fixed
value for kinetic mixing, 2 = 10−5, the sensitivity of the asymmetry to the variations of mZ′ is very weak except for
the narrow region of resonance around
√
s = 10.57 GeV. This is because the leading mZ′ dependence in asymmetry
is determined by the ratio between kinetic mixing term 2 and denominator of Z ′ propagator ({t, s} − m2Z′). In
t-channel (MOLLER), at −t → 0 GeV2, the asymmetry is proportional to 2/m2Z′ , and for light Z ′µ-boson it has a
rather high sensitivity to mZ′ . In s-channel (Belle II), we get ALR ∝ 2/(s − m2Z′), and for the m2Z′/s  1 (light
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Figure 4: Figures show dependence of Belle II polarization asymmetry on mixing parameter 2 (top left, for mZ′ = 8 GeV), mZ′
(top righ, for 2 = 10−5) and
√
s (bottom center, for mZ′ = 20 GeV and 2 = 10−2 ). We choose for all graphs: δ2 = 3 · 10−5.
Z ′) the sensitivity is rather low. If we take m2Z′/s  1 (heavy Z ′), an overall contribution to the asymmetry due
to Z ′ is suppressed so the effect of new physics becomes negligible. As a result, for Belle II, if mass of Z ′µ is around√
s = 10.57 GeV, the sensitivity of that experiment to mZ′ will be substantial. In Fig.4 (bottom, center), we show
the overall dependence of asymmetry on the centre-of-mass energy. Here, we choose mZ′ = 20 GeV and 2 = 10−2,
and it is evident that Z ′-peak (if compared to Z-peak) is suppressed, which is due to the kinetic mixing parameter
2. The Z ′-peak is relatively small, but, with the precision proposed by Belle II, it should be clearly detectable.
We conclude that the inclusion of NLO and NNLO electroweak radiative corrections is essential for the search of
new physics at the precision frontier, and that the computer-algebra tools are indispensable for this task.
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